We report on the synthesis, characterization, and application of a series of metal-free near-infrared (NIR) emitting alternating donor/acceptor copolymers based on indacenodithieno [3,2-b]thiophene (IDTT) as the donor unit. A light-emitting electrochemical cell (LEC), comprising a blend of the copolymer poly
■ INTRODUCTION
Near-infrared (NIR) emitting deviceswhich are low-cost, lightweight, thin, and conformable and which can deliver strong and efficient NIR emission when driven by the low voltage of a batteryare of interest for a wide range of portable applications in, e.g., medicine, 1,2 security, 3 and optical communication. 4, 5 The most common low-voltage technology that fulfills these form-factor requirements is the organic lightemitting diode (OLED); Cocchi and co-workers 6, 7 and Tuong Ly et al., 8 as well as several other research groups, 9−16 have reported on OLED devices that deliver intense and efficient NIR emission. These NIR-OLEDs typically comprise a complex multilayer active material that is processed under high vacuum and a low-work function cathode that is unstable under ambient air; these characteristic features unfortunately result in a relatively expensive fabrication.
The light-emitting electrochemical cell (LEC) is an alternative low-voltage technology that can deliver the desired form factors but in addition can comprise solely air-stable materials and as a consequence be fabricated with low-cost, solution-based methods. 17−24 NIR emission from LEC devices has most commonly been effectuated with a transition-metalbased compound as a key constituent in the active material, but such rare-metal-based NIR-LECs have only been reported to emit with a rather modest intensity of <50 μW/cm 2 .
25−31
Bolink and co-workers introduced an interesting active material from a sustainability viewpoint in the form of a metal-free, cyanine-based host−guest blend and were able to obtain intense NIR emission of 170 μW/cm 2 when the corresponding device was driven by a high-frequency pulsed current. 32 However, for battery-driven portable applications this operational mode will require the inclusion of a cost-driving converter circuit. 33 Here, we report on the synthesis and characterization of a series of indacenodithieno [3,2-b] thiophene (IDTT)-based conjugated copolymers and demonstrate that LEC devices comprising a solution-processed metal-free blend of an IDTTbased copolymer and an ionic liquid sandwiched between two air-stable electrodes deliver a promising NIR performance. Specifically, NIR emission (λ peak = 705 nm, fwhm = 85 nm) with a high radiance of 129 μW/cm 2 at an external quantum efficiency of 0.10% was attained when the LEC device was driven by a low dc voltage of 3.4 V. It is notable that the NIR output from a nonencapsulated device only dropped by 3% under inert atmosphere and by 27% under ambient air following 1 day of uninterrupted operation. An efficiency analysis reveals that future work toward metal-free NIR-LEC with further improved performance should primarily be directed toward improving the photoluminescence quantum yield (PLQY) of the copolymer but also aim for a balanced ptype and n-type doping capacity.
■ EXPERIMENTAL SECTION
Materials and Synthesis. We have followed procedures outlined in the scientific literature for the synthesis of the m-hexylphenylsubstituted (indacenodithieno [3,2-b] 41 2,3-diphenyl-5,8-di(thiophen-2-yl)quinoxaline (TQ), 42 and 6,7-difluoro-2,3-diphenyl-5,8-di(thiophen-2-yl)quinoxaline (TQF). 41, 43, 44 The p-hexylphenyl-substituted (indacenodithieno [3,2-b] thiophene-2,8-diyl)bis(trimethylstannane) (IDTT-p) donor monomer was purchased from Solarmer Materials, while the other reagents and solvents were obtained from Sigma-Aldrich. All purchased materials were used as received. The chemical structures of the monomers and the corresponding copolymers are disclosed in Figure S1 in the Supporting Information.
Equal amounts of the bis(trimethylstannyl)-substituted donor monomer (IDTT-m or IDTT-p, 0.150 mmol, 1.0 equiv) and the dibromo-substituted acceptor monomer (BT, BTF, Q, QF, TQ, or TQF, 0.150 mmol, 1.0 equiv) were included in a 25 mL 2-neck flask, and then Pd 2 (dba) 3 (2.75 mg, 0.003 mmol) and tri(o-tolyl)phosphine (3.65 mg, 0.012 mmol) were added. The mixture was subjected to 5 vacuum/nitrogen backfill cycles before 12 mL of anhydrous toluene was added. The blend was heated to 90°C under N 2 atmosphere and stirred vigorously for 24 h. Thereafter, 2-(tributylstannyl)thiophene (0.180 mmol, 1.2 equiv) was added to the flask followed by 1 h of heating at 90°C. Thereafter, 2-bromothiophene (0.210 mmol, 1.4 equiv) was added followed by an additional 1 h of heating. The flask was then allowed to cool to room temperature, after which the copolymer was precipitated by dropping the reaction mixture slowly into acetone. The copolymer was collected by filtration and washed with Soxhlet extraction using acetone, diethyl ether, and chloroform. The chloroform fraction was further purified by passing through a short silica gel column. The copolymer was once more precipitated into acetone and collected by filtration through a 0.45 μm Teflon filter. Finally, the copolymer was collected by drying under vacuum at 40°C for 12 h. Information on the appearance, yield, number-average molecular weight (M n ), and polydispersity index (PDI) are presented below for each of the synthesized copolymers:
Poly[indacenodithieno [3,2-b] Figures S2−S4 in the Supporting Information. The molecular weight was measured by size-exclusion chromatography (SEC) at 150°C with 1,2,4-trichlorobenzene as the eluent, using an Agilent PL-GPC 220 Integrated High-Temperature GPC/SEC system equipped with refractive-index and viscometer detectors and three sequential PLgel 10 μm MIXED-B LS 300 × 7.5 mm columns. M n was calculated using polystyrene as the calibration standard. The thermogravimetric analysis (TGA) was performed under N 2 with a heating rate of 10°C /min using a Mettler Toledo TGA/DSC 3+ STAR System instrument. The solution absorption spectra were measured in dilute toluene solutions (<0.001%) in 10 × 10 mm 2 quartz cuvettes using a Varian Cary 50 Bio UV−vis spectrophotometer. The temperaturedependent absorption spectra were measured in 1% chlorobenzene solutions, using a Varian Cary 100 Bio UV−vis spectrophotometer connected to a Varian Cary Temperature Controller unit. The solution photoluminescence (PL) spectra were measured on dilute toluene solutions (<0.001%), and the temperature-dependent PL spectra were measured on 1% chlorobenzene solutions, using a Varian Cary Eclipse Fluorescence spectrophotometer. The solution PL quantum yield (PLQY) was measured with a 540 nm excitation beam and with Cresyl Violet in ethanol as the standard (PLQY = 54%). 45 The solid-state absorption, PL, and PLQY were measured on thin films deposited on quartz substrates using a PerkinElmer Lambda 35 UV−vis spectrophotometer, a PerkinElmer LS 45 fluorescence spectrometer, and an absolute PLQY spectrometer (C9920, Hamamatsu), respectively.
The cyclic voltammetry (CV) measurements were carried out under N 2 atmosphere using a CH-Instruments 650A Electrochemical Workstation. The working electrode comprised the copolymer film under study on a Pt wire, as fabricated by dropping ∼0.1 mL of a 10 mg/mL copolymer-in-chlorobenzene solution onto the Pt wire using a pipet, the counter electrode was a Pt wire, the pseudoreference electrode comprised an Ag wire in 0.1 M AgNO 3 (MeCN/H 2 O), and the electrolyte was 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF 6 ) in anhydrous acetonitrile. The electrolyte was bubbled with N 2 gas prior to the measurement in order to remove any oxygen residues. The pseudoreference electrode was calibrated versus the ferrocene/ferrocenium (Fc/Fc + ) redox couple at the end of the measurement. The oxidation and reduction scans were measured separately on pristine copolymer films, and at least four independent scans were performed for each copolymer. The oxidation potential (E ox ) and the reduction potential (E red ) were defined as the intersection of the baseline with the tangent of the current at the half-peak height.
DFT Calculation. The density functional theory (DFT) calculations were carried out with the Gaussian 09 package, 46 and the geometry optimization was performed in gas phase at the B3LYP/6-31G(d,p) 47−50 level. Shorter oligomer structures, comprising 1, 2, or 3 repeat units and with the long alkyl and alkyloxy side chains replaced by shorter methyl and methoxy groups, were commonly used as model compounds in the calculations, because the larger polymeric structures result in prohibitively long computational times. We have also performed DFT control calculations at the ωB97XD/6-31G(d,p) level, because this functional has been reported to deliver more realistic torsion energy barrier. 51−54 Figure S5 in the Supporting Information demonstrates that both methods result in the same minimum-energy conformation and torsional angle but that the ωB97XD functional as expected delivered a lower torsion energy barrier.
Device Fabrication and Characterization. The copolymers and the tetrahexylammonium tetrafluoroborate (THABF 4 ) ionic liquid were dissolved separately in chlorobenzene, with the concentration being 12.5 mg/mL (PIDTT-BT, PIDTT-TQ, and PIDTT-TQF), 15 mg/mL (PIDTT-Q), 20 mg/mL (PIDTT-QF and PIDTT-BTF), and 10 mg/mL (THABF 4 ). The active-material ink was prepared by blending the copolymer and THABF 4 solutions in a copolymer/ THABF 4 mass ratio of 10:1. A layer of poly(3,4-ethylenedioxythiophene)−poly(styrenesulfonate) (PEDOT−PSS, Clevios P VP AI 4083, Heraeus) was spin-coated at 4000 rpm for 60 s onto carefully cleaned indium−tin−oxide (ITO)-coated glass substrates (20 Ω/ square, Thin Film Devices, U.S.A.). The active-material ink was stirred on a magnetic hot plate at 343 K for at least 12 h and thereafter spincoated onto the PEDOT−PSS layer at 2000 rpm for 60 s. The dry thicknesses of the PEDOT−PSS and active-material layers were 40 and 80 nm, respectively. A set of four Al electrodes was deposited on top of the active material by thermal evaporation at p < 5 × 10 −4 Pa. The light-emission area, as defined by the cathode−anode overlap, was 0.2 × 0.2 cm 2 . The LECs were driven by a constant-current circuit, and the voltage was logged by a microcontroller board (Arduino UNO) connected to a computer. The ITO electrode was invariably biased as the positive anode, and the Al was the cathode. The emitted radiance was measured with a calibrated Si photodiode (S2387-33R, Hamamatsu), and the emission spectrum was detected with a spectrometer (USB2000+, Ocean Optics). All of the above procedures, except for the deposition of the PEDOT/PSS layer, were carried out in two interconnected N 2 -filled glove boxes ([O 2 ] < 1 ppm, [H 2 O] < 0.5 ppm).
■ RESULTS AND DISCUSSION
Conjugated donor/acceptor copolymers comprising IDTT as the electron-rich donor unit have recently been introduced in organic photovoltaics on the merit of a good charge-transport capacity and a broad absorption spectrum that can extend into the NIR range; 55−59 however, to the best of our knowledge, IDTT-based copolymers have not been developed for, nor tested in, light-emitting applications. In consideration of their potential for NIR emission and the lack of preceding studies, we have designed and synthesized a series of six donor/ acceptor alternating copolymers by combining the IDTT donor unit with one of six different acceptor units via Pd-catalyzed Stille coupling. Detailed information on the synthesis procedure can be found in the Experimental Section and is schematically presented in Figure S1 . The chemical structures and the employed abbreviation of the six alternating copolymers are disclosed in Figure 1 , whereas measured physical and electrochemical data. A TGA of three of the copolymers (PIDTT-Q, PIDTT-QF, and PIDTT-TQF) is presented in Figure S6 , and the measured high onset temperature for degradation (T onset > 370°C) implies that the thermal stability of the copolymers is sufficient for operation at the high current densities that are common in light-emitting devices. 34, 56, 59, 60 We note that the larger molecular-weight copolymers featured a higher molecularweight dispersion (PIDTT-BT and PIDTT-TQ) than their lower molecular-weight equivalents but emphasize that all copolymer solutions featured a sufficient viscosity for the formation of uniform and pinhole-free thin films following solution processing using spin-coating or drop-casting.
The IDTT donor unit was endowed with four bulky hexylphenyl side groups for improved solubility and for suppression of π−π stacking, with the latter being motivated by the fact that π−π stacking is associated with undesired luminescence quenching in related conjugated materials. 34, 35, 61 BT 56,60,62−64 and BTF 37, 55 are the smallest of the investigated acceptor units, and they are distinguished by the replacement of two H atoms with two F atoms in the latter; see Figure 1a . The same replacement of two H atoms with two F atoms distinguishes QF from Q 34, 39, 40, 35, 65 ( Figure 1b ) and TQF 41, 43, 44, 61 from TQ 42 ( Figure 1c) . The inclusion of electron-withdrawing F atoms is expected to downshift the energy structure and can in addition result in hydrogen bonding. 55, 56, 58, 66, 67 The latter four acceptor units (Q, QF, TQ, and TQF) comprise two bulky m-octyloxyphenyl substituents, which introduce steric conformational stress that is anticipated to result in a rotation of the polymer backbone and further suppression of π−π stacking. The effect of proximity of the donor and acceptor units was investigated through the introduction of two thiophene spacing units in TQ and TQF. We have also shifted the position of the alkyl side chains on the hexylphenyl substituents on IDTT from the para position to the meta position in PIDTT-TQ and PIDTT-TQF, because previous studies on related compounds have demonstrated that this can prevent undesired polymer chain aggregation. 68, 69 Finally, all of the copolymers were end-capped with thiophene units, because end-capping in general has been reported to improve the charge mobility in other copolymers. 70−72 We employed DFT at the B3LYP/6-31G(d,p) level 47−50 to compute the minimum-energy conformation, the HOMO hole density, the LUMO electron density, and the corresponding energy gap (E g ). To save computational time, three repeat-unit oligomers with the alkyl chains replaced by methyl groups were employed as model compounds for the corresponding copolymers, and our most important findings are presented in Figure 1 and Table 1 . We find that the replacement of H with F consistently downshifts both the HOMO and LUMO energy levels by ∼0.1 eV, which is in line with previous results in the literature, 41,56,73 but also it was not possible to discern any significant effects on neither the conformation nor the electron densities. We therefore only present the minimumenergy conformation and HOMO and LUMO densities for the H-substituted copolymers in Figure 1 , but the data for all calculated structures can be found in the Supporting Information (Figures S7−S15 and Tables S1−S6 ). The LUMO and HOMO of the six different copolymers are broadly similar, with the hole density spread over essentially the entire backbone, while the electron density is largely localized on the (nonterminal) acceptor sites. This agrees well with literature reports for related donor/acceptor structures. 34, 55, 56, 60, 67, 74 We find that the selection of the acceptor unit has a strong influence on the conformation, as visualized in the lower left panels in Figure 1 and as quantified in Table 1 : the BT/BTF acceptor units result in a highly coplanar donor/acceptor conformation, the Q/QF acceptors induce a moderate donor/ acceptor torsion angle (φ) of ∼7°, while the largest rotation is apparent for the TQ/TQF acceptors that feature a significant φ = 12−14°. We attribute the conformational rotation to the steric hindrance introduced by the addition of bulky moctyloxyphenyl substituents onto the acceptor units. We also conclude that the introduction of the thiophene spacer units between the donor and acceptor and the para-to-meta attachment shift of the hexylphenyl substituents on the donor in the TQ/TQF-based molecules facilitate for an even more twisted conformation. The latter conclusion is supported by a dedicated DFT study that reveals that an increased backbone rotation is attained by either of the two changes but that the most twisted conformation is achieved only when both changes have been implemented (see Figures S16 and S17 and Table  1) .
Chemistry of Materials
Parts a and b of Figure 2 present the absorption spectra for the different copolymers in solution and as a solid thin film, respectively. The absorption and PL data were normalized to facilitate for observation of the relatively minor changes, but the non-normalized thin-film absorption data are presented in Figure S18 in order to provide quantitative information on the absorption properties of the different copolymers. In both states, the copolymers display a broad absorption profile spanning the entire visible range, with a higher-energy band at 350−450 nm and a lower-energy band at 500−700 nm. The addition of F atoms to the acceptor unit has in general a negligible influence on the absorption profile, with the minor exception being that the PIDTT-BTF spectrum is bit more structured than the corresponding PIDTT-BT spectrum. This could be an indicator of increased ordering through the emergence of hydrogen bonding. We further find that the major absorption peak of the PIDTT-BT/PIDTT-BTF pair is slightly red-shifted, while PIDTT-TQ/PIDTT-TQF is blueshifted, with respect to the PIDTT-Q/PIDTT-QF. We calculated the optical energy gap, E g (OPT), as the onset of absorption for the thin films, and the data are presented in Table 1 .
The solution and thin-film PL spectra of the copolymers are presented in parts c and d of Figure 2 , respectively. All copolymers feature a broad and structureless PL envelope in both solution and solid state, but the PIDTT-BT and PIDTT-Q polymers are distinguished by a slightly red-shifted emission in solution. Importantly, although we did not observe signs of strong aggregation even in concentrated solution (see Figure   S19 ), the general trend of a distinct red-shift of the PL spectrum by ∼50 nm in going from solution (Figure 2c ) to solid state (Figure 2d) implies that π−π stacking/aggregation is common in the solid state. We note that this conclusion is consistent with the planar molecular conformations derived from the DFT calculations (see Figure 1) .
The PLQY data for the copolymers in dilute chloroform solution and as a solid thin film are presented in Table 1 . The highest PLQY value in solution was 34% for PIDTT-QF, and the trend is that the F-substituted copolymers feature a higher solution PLQY than the H-substituted copolymers. We note that the PLQY drops drastically in going from solution to solid thin film, which suggests that aggregation-induced luminance quenching is prominent in the solid thin films. The highest PLQY value in the solid state is 3.6% for the PIDTT-TQ/ PIDTT-TQF pair. We further note with interest that the relative change in PLQY in going from solution to thin film is largest for PIDTT-BT/PIDTT-BTF and smallest for PIDTT-TQ/PIDTT-TQF, which is in agreement with the fact that the aggregation-induced quenching increases with increasing planarity of the copolymer conformation (see DFT data in Figure 1 and Table 1 ).
The electrochemical properties of the copolymer films were investigated with CV. Figure 2e discloses that all copolymers exhibit strong and reversible or semireversible electrochemical p-type doping (or oxidation), while the electrochemical n-type doping (reduction) capacity varies markedly. The PIDTT-BT/ PIDTT-BTF pair features the most balanced p-type and n-type doping, while the relative capacity for n-type doping is markedly weaker for the PIDTT-TQ/PIDTT-TQF pair. We also note that the n-type doping capacity appears to be lower for the F-substituted copolymers than for their H-substituted counterparts. The dependence of the n-type doping capacity on acceptor selection is in good qualitative agreement with the DFT electron-density data in Figure 1 , which demonstrated that the LUMO is mainly located on the acceptor sites and that the n-type doping (reduction) accordingly should be dependent on acceptor selection. The E g derived from the CV data are essentially identical to those calculated by DFT (see Table 1 ), while the E g derived from the absorption onset data are a bit lower, particularly for the larger-gap copolymers. Nevertheless, the overall trend from both DFT, absorption, and CV is that the PIDTT-BT/PIDTT-BTF pair features the lowest E g , which is a desirable property for long-wavelength NIR applications.
We now turn our attention to the study of the performance of the NIR copolymers in LEC devices. The optimized device structure comprised a blend of the NIR copolymer and a THABF 4 ionic liquid in a 10:1 mass ratio as the 80 nm thick active material sandwiched between an Al cathode and an ITO/ PEDOT:PSS anode. The concentration of ionic liquid was selected so that the average doping concentration in the p-and n-type doped regions at steady state is 0.7−1.0 dopants/ copolymer repeat unit, as calculated with the procedure outlined in ref 75 . We have also tested other electrolytes, such as the salt LiCF 3 SO 3 dissolved in hydroxyl-capped trimethylolpropaneethoxylate, 76 but the best results were obtained with THABF 4 . For efficient and stable LEC operation, it is fundamental that the electrolyte is electrochemically inert during the p-type and n-type doping of the electroactive compound, here being the copolymer. 77 Figure S20 presents the p-type and n-type doping potentials of the six different copolymers (solid lines) and the electrochemical stability window of the electrolyte (dashed line). It is clear that all copolymers can be electrochemically p-and n-type doped without any interference from electrolyte-induced side reactions. Figure 3a presents the normalized electroluminescence (EL) spectra of the different NIR-LECs. The EL peaks are positioned between 681 and 706 nm and are slightly blue-shifted by 5−25 nm with respect to their corresponding thin-film PL peaks, as presented in Figure 2d . We note that the EL peaks from the Fsubstituted copolymers are blue-shifted by ∼20 nm in comparison to their H-substituted counterparts (see also Table 2 ). The temporal evolution of the radiance and voltage of the NIR-LECs during driving with a constant-current density of j = 74.5 mA/cm 2 is displayed in parts b and c of Figure 3 , respectively. We find that all NIR-LECs display a well-behaved LEC operation, with an increase of the radiance and a lowering of the voltage with time during the initial turn-on process when the p−n junction doping structure forms in the active material. This is consistent with the fact that all copolymers can be both p-type and n-type doped, as well as that the other device constituents are electrochemically stable.
The PIDTT-TQ and PIDTT-TQF copolymers deliver the best performance in LEC devices, with the PIDTT-TQ-based LEC featuring a peak radiance of 129 μW/cm 2 at a quantum efficiency of 0.10% and a power efficiency of 0.24 mW/W (Table 2 ). This radiance was delivered at an EL peak wavelength of 705 nm and a steady-state driving voltage of 3.4 V. To the best of our knowledge, this is the highest radiance for a metal-free NIR-LEC driven by a constant bias to date.
The corresponding device-performance data for the other copolymers are summarized in Table 2 . We observe that the Hsubstituted copolymers invariably deliver a higher performance in LEC devices than their F-substituted counterparts, despite the fact that the PLQY in the solid state was found to be relatively independent of the H-or F-substitution (see Table  1 ). To shed further light on this issue, we prepared and fabricated OLED devices, void of the electrolyte and with Ca instead of Al as the cathode, based on the two best-performing copolymers (PIDTT-TQ and PIDTT-TQF); their device performance is summarized in Table S7 . Interestingly, we find that the fluorinated copolymer performs better in the OLED device, which implies that the observed opposite trend in the LEC device is specific to LECs. At this stage, we tentatively attribute this deviating behavior in LEC devices to the more hydrophilic character of the F-substituted copolymers, which makes blending with the hydrophobic THABF 4 electrolyte difficult, and to the more compact morphology induced by the hydrogen bonding in the F-substituted copolymers, which makes the ion ingress during doping difficult.
We also wish to call attention to the good device stability, as presented in Figure 3b −d. We find that the radiance for the PIDTT-TQ/PIDTT-TQF-based LECs is essentially intact (dropped by ∼3%) following 1 day of continuous operation under N 2 atmosphere (Figure 3b) . Even more noteworthy, the radiance output from the corresponding nonencapsulated LECs only dropped by ∼27% following 1 day of continuous operation under ambient air, as displayed in Figure 3d and summarized in Table S8 . It is educational for the future design and synthesis of improved NIR emitters to evaluate the bottlenecks in the current LEC performance. The external quantum efficiency (EQE) can be described by the following equation,
where η Rec is the ratio of the number of exciton formation events within the device to the number of electrons flowing in the external circuit, η ST is the fraction of excitons that are formed as singlets, η PLQY is the PLQY of the emitter, η Out is the out-coupling efficiency of the device structure, and X Ideal is an ideality factor that represents the combined additional loss mechanisms due to, e.g., exciton−polaron, 78, 79 exciton−exciton, and exciton−electrode quenching. The latter is thus an indicator of the quality of the p−n junction doping structure for efficient light emission. The measured values for EQE are tabulated in Table 2 , while η Rec and η ST are set to 1 and 0.25, respectively, in consideration of the effective electron−hole recombination in a p−n homojunction and the generic singlet− triplet branching ratio in organic conjugated polymers. The measured values for η PLQY of the copolymer films are tabulated in Table 1 , while the value for η Out is estimated to be ∼0.2 following the procedure outlined in refs 80 and 81, assuming a value for the refractive index of the copolymers of 1.5. With this information at hand, the ideality factor X Ideal can be calculated, and the values for the different copolymers are summarized in Table 2 .
Interestingly, the highest radiance and EQE values were obtained with the PIDTT-TQ/PIDTT-TQF pair, but the highest ideality factor was attained for devices comprising PIDTT-BT/PIDTT-BTF as the emitter. It is notable that the latter two copolymers featured the most balanced p-and n-type doping capacity in the CV measurements (Figure 2e ), as balanced p-and n-type doping can be anticipated to result in a centered p−n junction in LEC devices, 82 with a concomitant suppression of the undesired quenching of excitons by metal electrodes and polarons. 77, 78 The same argument of a more balanced p-and n-type doping capacity can explain the higher value for X Ideal for the H-substituted copolymers over their Fsubstituted counterparts (see Figure 2e and Table 2 ). A summarizing design guideline for a future synthesis of NIRemitting polymers fit for efficient LEC operation would then include the following: (i) high PLQY in solution, (ii) suppression of aggregation in the solid state for a retained high PLQY in thin films, (iii) use of nonfluorinated materials for good compatibility with the electrolyte and for facile and balanced doping reactions, and (iv) selection of donor and acceptor units that deliver balanced p-and n-type doping.
■ CONCLUSIONS
We report on the synthesis and characterization of a group of systematically designed IDTT-based donor/acceptor copolymers for application in NIR-emitting LEC devices with airstable electrodes. We demonstrate that the selection of the acceptor unit strongly affects the PLQY in both solution and the solid state, the aggregation in the solid state, and the electrochemical doping capacity. All of these factors have a direct influence on the LEC device performance, and we are able to establish rational guidelines for the design of further improved NIR-emitting donor/acceptor copolymers. Nevertheless, the best performing NIR-LEC device within this study was based on the PIDTT-TQ copolymer, and it delivered a record-high radiance of 129 μW/cm 2 at an emission peak at 705 nm and at a low drive voltage of 3.4 V. The NIR-LEC also featured surprisingly good operational stability in the nonencapsulated state. This work thus introduces IDTT-based donor/acceptor copolymers as functional metal-free NIRemitting materials for application in low-cost devices with attractive form factors. 
